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New vectors for gene therapy aim to mimic viral vectors' pros 
without their dangerous cons 

Gene Therapy: Safer and 
Virus-Free? 



If fields of science go through life stages, 
then childhood ended abruptly for gene 
therapy on 17 September 1999, when a 
teenage volunteer named Jesse Get singer 
died in a gene therapy clinical trial at the 
University of Pennsylvania in Philadelphia. 
Sunny talks describing future therapies for 
generic diseases were replaced by public 
scrutiny, congressional hearings, and new 
rules. Gelsinger^ death was blamed on an 
out-of-control immune response to the virus 
physicians had used to ferry the useful gene 
into tissue, and it 
prompted a hard look 
at the safety record of 
so-called viral vec- 
tors. It also spurred 
renewed interest in 
nonviral methods to 
deliver genes, meth- 
ods that have been 
quietly gathering 
steam for more than a 
decade. 

Today, no gene 
therapy using any 
type of vector has 
been approved for 
clinical use. But re- 
searchers arc working 
doggedly to develop 
methods that will de- 
liver useful genes 
safety, to the right 
spot, and turn them 
on and off at will. 
Originally envisioned 
as treatments for 
hereditary diseases* 
gene therapies are 
now being developed 
to prevent and treat 
infectious diseases, cancer, heart disease, 
and other ailments. All of them rely on a 
genets ability to produce a key protein when 
and where it's needed. 

Viruses such as adenovirus and retro- 
virus are still the most popular vectors in lab 
studies and clinical trials. Viruses are well 
suited to gene delivery: They've evolved to 
home in on specific tissues, invade cells, 
and manipulate the cell 5 machinery to make 




Muscular g*ne delivery. When naked DMA 
is injected Into an artery that feeds the leg 
muscle of rhesus monkeys, up to 30% of the 
musde fibers (blue) take up and activate the 
foreign gene. 



viral proteins. But often they can be injected 
into a person only once or twice before the 
immune response they provoke poses a safe- 
ty threat, as in Gehingcr's case. That re- 
sponse can also destroy the viral vector or 
the cells it infects, blocking production of 
the useful protein. 

A spate of recent work has suggested that 
genes can be delivered effectively without us- 
ing viruses. Most nonviral vectors fly under 
the radar of the immune system* and they're 
cheaper and easier to manufacture than viral 
vectors. But most of 
them have not been as 
efficient as viruses in 
shuttling genes into 
cells, and the genes 
that were delivered 
didn't remain active 
for long. That has be- 
gun to change in the 
past few years. 

In the race to devel- 
op a reliable gene- 
delivery method, re- 
searchers arc putting 
money on a wide array 
of vectors, and so far 
no single method has 
taken the lead. Gene 
therapist Malcolm 
Brenner of Baylor 
College of Medicine 
in Houston, who is 
president of the Amer- 
ican Society of Gene 
Therapy (ASGT), sus- 
pects that both viral 
and nonviral gene- 
transfer methods will 
be needed, depending 
on the disease being 
treated, "Nobody has the perfect vector,** 
he says. "What we Ye looking for is horses 
fOT courses ** 

DNA, naked and otherwise 

Back in 1989, when human gene therapy was 
still a dream, dogma had it that viruses were 
the best and perhaps only way to ferry thera- 
peutic genes into animal tissue. But Jon 
Wolff, a gene therapist at the University of 



Wisconsin, Madison, suspected otherwise. 
Philip Feigner, then at Vical, a San Diego 
biotechnology company, had just devised a 
way to shuttle genes into lab-grown animal 
cells by coating mem with positively charged 
lipids — basically, shrink-wrapping the DNA. 
The charge helps the construct, called a 
lipoplex, stick to cell membranes and pop 
genes inside the cell. Wolff tested the method 
in animals, injecting mice with RNA 
lipoplexes and then checking their tissue for 
the presence of an enzyme encoded by the 
RNA. To his surprise, mice injected with 
lipid-coated RNA failed to activate the gene. 
But the control mice, which had been inject- 
ed with uncoated, or ^naked," RNA, did 
crank out the enzyme. "I thought my techni- 
cian screwed up and reversed the two sam- 
ples,'* Wolff recalls. "But he repeated it, and it 
kept getting better and better" 

Wolff was equally surprised a few 
months later* when genes ferried into mus- 
cle cells by loops of DMA called plasroids 
were expressed for weeks at a time. Re- 
searchers had thought that the only way to 
get long-lasting gene expression in animal 
tissue was to use a virus whose DNA 
stitched itself into the chromosomes of the 
recipient cells. But somehow, the naked 
plasmid DNA stuck around inside muscle 
cells, and the genes turned on and stayed on. 
"Even now I'm amazed," Wolff says. Naked 
DNA injections are still the simplest non- 
viral gene delivery method and so far one of 
the most successful^ 

Following Wolff and Feigners early re- 
port, researchers quickly applied the naked 
DNA approach to a practical problem: 
building better vaccines. The method en- 
tails injecting a plasmid that encodes a pro- 
tein from the unwanted microbe; the pro- 
tein then provokes an immune response that 
would stop an infection. So far, clinical 
tests have been promising. For example, 
Stephen Hoffman, then of the Naval Medi- 
cal Research Institute in Bcthesda, Mary- 
land, and his colleagues reported in 1998 
that injections of plasmid DNA encoding a 
protein from a malaria parasite provoke a e 
strong immune response in humans {Set- I 
e/ice, 16 October 199S, p. 476). And earlier g 
this year, Harriet Robinson of Emory Uni- 5 
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vcrsity in Atlanta and colleagues reported 
that a naked DNA vaccine helps confer im- 
munity in a monkey model of AIDS (Sci- 
ence, 6 April, p. 69). 

Naked DNA therapies arc also being 
tested against heart disease, cancer, and 
other disorders. The late cardiologist Jeffrey 
Tsner of Tufts University School of 
Medicine in Boston and his colleagues de- 
veloped a gene therapy for patients with 
coronary artery disease. The team injects a 
gene called VEGF, which boosts blood ves- 
sel growth, directly into patients ' heart mus- 
cles by threading a special catheter through 
the arteries much as a surgeon would during 
angioplasty. The treatment gave promising 
results in a small phase I trial; New arteries 
sprouted front existing arteries, dctouring 
blood around blockages to supply the heart 
s muscle, according to work presented last 
§ week at the annual meeting of the American 
| Heart Association. The technique, which is 
I owned by a company Isoci founded, called 
| Vascular Genetics Inc. in Durham, North 
3 Carolina, apparently eases the severe pain of 
j? heart disease and improves patients' ability 
I & ^ercise on a treadmill. The treatment 
c could one day offer on alternative to bypass 



surgery, lsner told Science shortly before bis 
death on 31 October (gee p, 1670), and a 
similar method could help save the legs of 
diabetes patients and others whose circula- 
tory disease is so severe they are candidates 
for amputation. 

But naked DNA injections haven't 
worked well to deliver genes to tissues other 
than liver and muscle. To sneak genes into 
other tissues, researchers have tried coating 




Straight to the heart The late Jeffrey lsner injects naked DNA to 
treat a patient with coronary artery disease. 



the DNA with different combinations of 
lipids and polymers, which have been 
shown by trial and error to help cultured 
cells take up DNA. 

Some such therapies are now being test- 
ed in the clinic. For example, Vical re- 
searchers have developed a upid-coated 
plasmid that is injected directry into tumors 
to deliver the HLA-B7 gene; this gene en- 
codes a protein that sparks an immune re- 
sponse against the tumor. 
In a phase II trial, the im- 
mune response shrank tu- 
mors and prolonged life 
in eight of 73 patients 
with aggressive mela- 
noma who had failed to 
respond to Other treat- 
ments, company collabo- 
rators reported in May at 
the annual meeting of the 
American Society of 
Clinical Oncology. 

A different gene- 
delivery strategy for head 
and neck cancer — com- 
posed of a gene called 
intcTieukin-2 coated with 
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mice that had been injected with an AAV vector developed tfver 
tumors. This discovery prompted a short paus* ln:two dthicat trials 
usfng an, AAV vector andan inquiry by U.S. health agencies hi 
MercK, , A joint re.Wew^y. FDA^and RAC. concluded thatthe AAy vec- 
tw pfet&tyy. 40 not cause me mouse cancers. Clinical trials using 
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IhSt :io«afe.1Vliist»yri. wai? reviewing data on 
riiifefe ?rr a 'gerie i, tKe"mpy i te3t SaVirds developing an AW vector to 
treat people with inherited emyme deficiencies, concentrating on a 
fata! disorder called mucopolysacchai'ldosis type 
' VII; in which the body fails to process waste In 
tysosomes. Sands created knockout mice with 
this disorder and successfully treated them with 
AAV- vector ^ene therapy. But during a routrne 
pa,tholo§y review last year, he discovered that 
i *»ihl)e> idf^jy'^nnSce ^crtftc-ed latein : (lfe— -at 18 
It / =rr1c£nihsi itHiei;Hfc«fti^ n i eqfiivale^ of. SS'-yea.rvolds— 
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^OhP.^^.way fhat triggered canc^us growth. 

:iRA£^&tir%i#M^^ njl#^' M ir^ruj?Ral rtiur 
ta^nesrs" as a : cause of cancer. Sands agrees. But 
that does not rule out other possible vector- 
Induced changes. Sands notes. 

What actually caused the cancers remains un- 
clear. Some panel members suggested that the 
knockout mice-may have been prone to liver carv- 
ceK!fR.:iUtfe Sarpiilsicl !6f *h« Uhwerslty of :ls|orth 
^oirjiaji C!|taf)^ ai- vector -e^j^ho took 
l^d.;in ifje ^G!reylew,,SAi^^that wHer* these 
rnice are'cuted of : their inherited en^me;disorder, 
andtjier genetic flaw may cause cancer in old age, 
:&ut Sands hasn't sejen eyjdei3C*.tha> ; tl^.;rnice are : pmneibo c^w». And 
h^ot^r^ have -not ^UoH^^'mice^to Uve as 

long as'he did for .^fet# testjn^. 

r ? jjjfir*?^ unspfyed, Marfc;K&y and 

: _tlie'ra pt£t. at the University of Florida, 
tftat AAV vector =can : iise.^ safely in 
iiptj^-mean'vsfriile, have asketf^ds to 
can .repeat the remits. The re* 
'irn^i ; ^ysi::Sn3 ^yeiarjs^ ito 



cholesterol and a synthetic lipid — also gave 
promising results in a phase II trial in pa- 
tients with tumors that couJd aot be surgical- 
ly removed, a team from Valentis Inc. 
of Burlingame, California, reported at the 
ASGT annual meeting in June. The treat- 
ment kept cancer from spreading for more 
than 4 months when combined with tradi- 
tional chemotherapy — 38% longer than pa- 
tients receiving chemotherapy alone. 



Up -and -coming vectors 

The number of clinical trials using uonviral 
vectors for gene therapy is growing (see 
cable on p. 641), but many diseases can*t be 
treated using the nonvirat gene delivery 
methods that are farthest along. That's be- 
cause most methods have delivered only low 
levels of active genes for short periods of 
time. Researchers are currently hammering 
out other approaches in the lab. They're try- 



ing to improve upon current vectors by find- 
ing ways to penetrate a higher percentage of 
cells in target tissues and make imported 
genes last longer once inside the cells. 

Short-lived gene expression is fine for 
vaccines, cancer therapies, and angiogene- 
sis. Indeed, Isner called it "a major-league 
safety advantage" for vascular gene therapy, I 
because only temporary gene expression is i 
needed to grow new vessels, and because in- S 
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&eruon into the genome— the goal of some 
viral-based gene therapies — could disrupt 
other genes, possibly causing cancer. But to 
treat other diseases, therapeutic genes might 
have to pump out more protein for longer 
periods. Today's viral vectors still do this 
better than nonviral ones do, but lab experi- 
ments with new nonviral methods are clos- 
ing the gap. 

For example, a method called electro- 
poration, developed by immunologist 
Richard Heller^s team at the University of 
South Florida in Tampa, transfers genes 
more than 80 times a$ efficiently as naked 
DNA injections. The team injects DNA in- 
to the target tissue — usually skin, muscle, 
or rumors— and uses a specially designed 
electrode to apply an electric field, which 
punches temporary holes in cell mem- 
branes that allow DNA into the cell The 
method hasn't been tested in die clinic, but 
it's close; Gene therapist Lou Smith of 
Valentis and his colleagues recently used 
electroporation to transfer a blood-clotting 
gene to hemophiliac dogs, tem- 
porarily eliminating symptoms 
of the disease, according to work 
presented at a meeting in May 
sponsored by the National 
Hemophilia Foundation. And 
Heller's team reported at the 
June ASGT meeting that the 
method helped deliver a cancer- 
fighting gene called interleukin- 
12 into skin tumors, causing 
some of them to disappear in 
mice. They're now testing the 
method to sec if it can provoke 
an immune response powerful 
enough to clear tumors in ani- 
mals with melanoma. 

Another novel nonviral strate- 
gy, developed by geneticist 
Richard Sel den's team at Trans- 
karyotic Therapies in Cambridge, 
Massachusetts, also improves 
gene-transfer efficiency. Instead of 
ferrying genes into cells inside the 
body, the researchers remove cells, 
insert genes, grow lots of modi- 
fied cells in the laboratory, and 
then inject the cells into the ab- 
dominal cavity. The researchers used the 
method to transfer a gene encoding a blood- 
clotting protein called factor VfH into skin 
cells taken from six hemophiliacs, they re- 
ported in the 7 June issue of The New Eng- 
land Journal of Medicine, When the cells 
were returned to the body, they produced the 
clotting protein. Four of the six patients need- 
ed less of their usual injected form of clotting 
protein and exhibited less bleeding for up to 
10 months after the injection. 

Long-lived geoe expression has proved 
elusive for most nonviral vectors, in pan be- 



NEWS FOCUS 

cause none of them stitch the useful gene 
into the genome of the host ceil. But Mark 
Kay^ team at Stanford has recently devised 
the first nonviral vector that has this power. 
Two plasmids are simultaneously injected 
into the tail vein Of a mouse. One plasmid 
includes a therapeutic gene connected to 
pieces of a transpose or jumping genc. The 
second plasmid encodes an enzyme that 
helps the hybrid gene on the first plasmid 
jump into the chromosome. When both plas- 
mids were simultaneously injected, they 
sewed a key blood-clotting gene into liver 
cells of hemophiliac mice, where it pumped 
out enough protein to allow blood to clot 
normally, the team reported in the May 2000 
issue of Nature Genetics. 

Kay's team also happened on a new way 
to achieve long-lived expression by deliver- 
ing linear DNA fragments that don't insert 
themselves into the genome. These frag- 
ments persist in mouse liver cells for at least 
a year— about half the lifetime of a mouse, 
the team reported in the March issue of 
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No one proposes injecting people with a 
proportional amount — nearly 5 liters — of 
DNA-containing saline. But hydrostatic pres- 
sure could still help deliver genes to human 
tissue. For example, Wolff's team injected 
DNA into arteries that feed the arm and leg 
muscles of rhesus monkeys, using a blood- 
preesure cuff to temporarily increase blood 
pressure. As they reported in March in Hu- 
man Gene Therapy, the method delivers a re* 
porter gene to about 30% of the muscle 
cells — a level of efficiency that rivals that of 
viral vectors. Wolffs team and colleagues at 
a company he founded, Minis Corp. (a sub- 
sidiary of Pan Vera Corp. of Madison, Wis- 
consin), and at Transgene of Strasbourg, 
France, are planning a small clinical trial next 
year to see whether the pressure-cuft method 
can replace a defective muscle gene in young 
adults with Ducherme muscular dystrophy. 

Surgically clamping blood vessels does 
the gene-delivery trick, too, and can reach 
muscles that are inaccessible to a pressure 
cuff, in the Jury issue of Molecular Therapy, 



47 



Many ;cfl'ricers, AIDS, seven* combined 
irn^r^^iency, rhe^m^M arthritis, 
graft-veiw^host disease, muttiple setter osis. 
osteodysplasia, hemophilia 

Many cancers, peripheral artery disease, 
cystic fibrosis, Canavan disease 

Many Cancers 



Prostate cancer, cystic fibrosis, hemophilia B 



RNA transfer 



M>mr canc*fs. cystic fibrosis, coronary artery 

Many cancer^ peripheral artery disease, 
c^rtary: artery dte*ase,.peripheraf 
neuropathy, open bona fractures 

Many cancers 



Gene gun T 



Melanoma, sarcoma 



* lr^$g"pb«mes^i<*^ other rholecuU*, 



Molecular Therapy. 'The persistence issue 
is being solved," Kay says. 

To get these long-lived plasmids into the 
liver, Kay used a method called hydro- 
dynamics, developed by Wolff > team and 
Dexi Liuls team at the University of Pins- 
burgh. The method involves quickly inject- 
ing the tail vein of a mouse with naked 
DNA in a huge volume of saline, roughly 
the entire blood volume of the animal. The 
pressure somehow forces DNA out of blood 
vessels in the liver, where many of the liver 
cells take up and express the foreign genes. 



Leaf Huanglg team at the University of Pitts- 
burgh reported inserting a key gene to repair 
the diaphragm muscle of mice with muscu- 
lar dystrophy (MD>— a crucial target be- 
cause many MD patients die of suffocation 
when their diaphragm muscles tail to pull 
air into the lungs. The researchers Surgically 
clamped the outgoing blood vessel for a few 
seconds, raising the blood pressure enough 
to deliver the therapeutic gene; Huang sus- 
pects that similar clamping methods could 
help push therapeutic genes into other or- 
gans as well. 
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Whether or not it can be adapted to the 
clinic, hydrodynamics proves that bigh- 
eflftciency gene transfer is possible without 
viruses, Kay says. It's also the first method 
to rapidly pinpoint the best candidate 
genes for gene therapy. Researchers create 
small pools containing different genes, in- 
ject each pool into mice, and see quickly 
which contains a gene that helps treat the 
disease. With their candidates thus nar- 
rowed down, researchers can inject mice 
with each gene in the pool to identify 
which one helped. That's much quicker 
than cloning each candidate gene into a vi- 
ral vector, and it could be important for 
diseases such as cancer, in which no one's 
sure which genes will prove effective, Liu 
says that the discovery of new therapeutic 
genes, together with more efficient deliv- 
ery, "will make the field jump." 

Victor? tailored to tissues 

When viral gene therapy vectors are injected 
into the bloodstream, the viruses protect 
their gene payload, home in on their target 
tissue, and deliver the genetic goods — as 
viruses have been doing for eons. Some re- 
searchers are devising complex nonvirat 
vectors that act more like viruses, using 
tools developed by a generation of drug- 
delivery specialists. The long-term goal is to 
transfer genes to the correct tissue to pro- 
duce the desired clinical effect, says drug- 
delivery specialist Sung Wan Kim of the 
University of Utah in Salt Lake City. 

Custom-designing vectors, Kim says, 
relies on several strategic decisions: 
whether to inject into the bloodstream or 
directly into the tissue; which combination 
of polymer, lipid, and other molecules to 
use for a particular tissue; and whether to 
attach another molecule to help target the 
complex to the correct cells, Despite the 
complexity, in beginning to work; In the 
August issue of Gene Therapy, Kimfc team 
reported a three-part system called Ter- 
plexDNA that delivers genes to rabbit 
heart tissue 20 to 100 times more effi- 
ciently than naked DNA. The vector in- 
cludes DNA, a positively charged polymer 
to help protect DNA from enzymes that 
would chop it up, and a lipid that heart 
muscle cells recognize and take up. 

The team has also developed a way to de- 
liver useful genes by injection into the blood- 
stream. The method uses DNA wrapped in a 
soluble, degtadabk polymer to target white 
blood cells. In the July issue of Gene Thera- 
py* the team reported that one injection in 
mice helped deliver two genes to white 
blood cells throughout the body. They 
pumped out proteins that made their way to 
the pancreas and blocked the autoimmune 
reaction believed to cause juvenile diabetes. 
Gene therapist Leonard Seymour's 



News Focus 

team at the University of Birmingham, 
U.K., has developed another way to ferry 
genes through the bloodstream to target 
tissue; cloaking the genes in a two- 
part polymer shell and freeing them 
where they're needed. A polymer called 
polyiysine packs the DNA into small par- 
ticles, and a second polymer makes it 
slippery and able to evade immune pro- 
teins and cells. Once inside the target 
cell, the chemical environment causes the 
polyiysine to break apart, liberating the 
DNA for expression. "It works amazingly 
well,' 1 Seymour says. Eventually, the team 
would like to add guidance molecules- 
such as a specific antibody, peptide, or 
sugar — that are recognized and taken up 
only by particular tissues, making target- 
ed delivery possible, 

B 



Complex nonviral carriers arc a long 
way from the clinic, but they may offer a 
glimpse of future gene therapies. Years 
from now, gene therapy vectors might be 
a sort of semisynthetic virus, combining 
the best of today's viral and nonviral car- 
riers, ASGT president Brenner predicts, 
Such a vector would make precise and 
permanent fixes to genetic defects thai 
underlie disease by homing in on a spe- 
cific tissue and replacing or fixing a de- 
fective gene, while safely avoiding the 
potential dangers of viral vectors. But 
other experts see a different future, in 
which genes arc given temporarily and 
produce a precise dose of protein for just 
as long as it's needed, in short, says fei- 
gner, "the idea would be to inject genes 
like any other drug." -Dan feaber 



'^N IMTSIRVlEW WITH j O H h! K A R a U il C E R 



Terrorism, Money, Contacts 
Top Science Adviser's Agenda 

Long-awaited appointee arrives amidst new war on terrorism and 
ongoing battles over science funding and priorities 



John Marburger's job is to advise the presi- 
dent on science. But he isn't expecting ex- 
tensive face time with George W Bush. 
Rather, his experiences as a university 
president and director of a national labora- 
tory have taught him the importance of 
chain of command. "I would regard having 
to talk with the president as an indication 
[that] something is very seriously wrong 
somewhere" says the 63-year-old physi- 
cist, who on 23 October became director 
of the Office of Science and Technology 
Policy (OSTP) as well as assistant to the 
president for science and technology 
Marburger steps into a job very different 



1 



Reaching out One of John Marburger"s (left) first tasks has been to 
forge links with science community stalwarts, such as House Sci- 
ence Committee chair Sheavood Boehlert {R— NY), 



from what he expected when he was nomi- 
nated m June. The events of 1 1 September 
have put terrorism at the top of his agenda, 
he says, adding duties as science adviser to 
the new White House Office of Homeland 
Security. In his fust few weeks on the job, 
be has been busy meeting with groups and 
individuals inside and outside the govern- 
ment, and he has been "deeply involved" in 
preparing the 2003 budget request, which 
will be sent to Congress in January. 

Marburgcr is the 14th scientist to hold 
the White House post, created by President 
Dwight Eisenhower in 1958 to give top 
politicians easy access to technical advice. 

After earning a doctorate 
in applied physics Jfrorn 
Stanford University in 
1967, Marburger taught 
and conducted research 
at several universities. 
He spent 14 years as 
president of the State 
University of New York, 
Stony Brook, before tak- 
ing over an embattled 
Brookhaven National 
Laboratory in 1997. He 
is credited with improv- 
ing the Upton, New ff 
York, lab's relationship g 
with its neighbors, who f 
had forced the shutdown g 
of an aging research re- 8 
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